Number Size Distribution of Atmospheric Particles in a suburban Beijing in the Summer and Winter of 2015 by Du, Peng et al.
 
 
University of Birmingham
Number Size Distribution of Atmospheric Particles
in a suburban Beijing in the Summer and Winter of
2015
Du, Peng; Gui, Huaqiao; Zhang, Jiaoshi; Liu, Jianguo; Yu, Tongzhu; Wang, Jie; Cheng, Yin;
Shi, Zongbo
DOI:
10.1016/j.atmosenv.2018.05.023
License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)
Document Version
Peer reviewed version
Citation for published version (Harvard):
Du, P, Gui, H, Zhang, J, Liu, J, Yu, T, Wang, J, Cheng, Y & Shi, Z 2018, 'Number Size Distribution of
Atmospheric Particles in a suburban Beijing in the Summer and Winter of 2015', Atmospheric Environment, vol.
186, pp. 32-44. https://doi.org/10.1016/j.atmosenv.2018.05.023
Link to publication on Research at Birmingham portal
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
1 
 
Number Size Distribution of Atmospheric Particles in a 1 
suburban Beijing in the Summer and Winter of 2015 2 
Peng Du1,2, Huaqiao Gui1,3, Jiaoshi Zhang1*, Jianguo Liu1,3*, Tongzhu 3 
Yu1, Jie Wang1, Yin Cheng1, Zongbo Shi4 4 
1. Key Laboratory of Environmental Optics and Technology, Anhui Institute of Optics and Fine 5 
Mechanics, Chinese Academy of Sciences, Hefei 230031, China  6 
2. University of Chinese Academy of Sciences, Beijing 100049, China 7 
3. Center for Excellence in Regional Atmospheric Environment, Institute of Urban Environment, 8 
Chinese Academy of Sciences, Xiamen 361021, China 9 
4. School of Geography, Earth and Environmental Sciences, University of Birmingham, 10 
Edgbaston, Birmingham, B15 2TT, United Kingdom 11 
 12 
Abstract. Particle number size distribution in a suburban Beijing was measured 13 
during the HOPE-J3A (Haze Observation Project Especially for Jing–Jin–Ji Area) 14 
field campaigns in 2015 from 18 June to 23 July (summer) and 2 to 25 December 15 
(winter). Average particle concentrations during the summer and winter campaigns 16 
were 9.6±4.8×103cm-3 and 13.9±8.3×103cm-3, respectively. Particle numbers were 17 
dominated by Aitken mode particles in both seasons. During the winter campaign, 18 
pollution events occurred every four to five days, each lasting for two to three days. In 19 
contrast, pollution events lasted for one to two days every six to seven days during the 20 
summer campaign. Aitken mode particles were 50% higher in the winter but new 21 
particle formation (NPF) events occurred more frequently in the summer. NPF events 22 
usually starts at around 10:00 LT (local time) in the summer but 12:00 LT in the 23 
winter. Aitken and accumulation mode particles accounted for 43.5% and 38.2% of all 24 
particles. The proportion of Aitken mode to total particles remained almost the same 25 
during summer, while it increased as haze intensified in winter. Particle number 26 
concentration was closely correlated with traffic and residents living activities and 27 
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wind speed, with higher concentrations during rush hours, heating period and in the 28 
southerly wind. These results, when combined with trajectory cluster analysis, suggest 29 
that Aitken and accumulation mode particles were mainly from regional transport 30 
during the summer campaign, but from vehicle and coal-combustion emissions during 31 
the winter campaign.  32 
Key words: Particle Number Size distribution, Beijing, aerosol, 33 
Trajectory Cluster Analysis, New Particle Formation 34 
 35 
1. Introduction 36 
Aerosol particles play an important role in the atmosphere because of their 37 
significant effects on air quality, visibility (Watson, 2002), direct and indirect climate 38 
forcing (Anderson et al., 2003; Andreae and Rosenfeld, 2008; Bahadur et al., 2012; 39 
Mahowald, 2011; Ramanathan et al., 2001), the environment (Cao et al., 2013; Huang 40 
et al., 2014) and human health (Nel, 2005; Tang et al., 2017; Zheng et al., 2014). 41 
Accordingly, these particles have received a great deal of attention from the 42 
government and the general public. The rapid economic and industrial development 43 
and urbanization that have occurred in China have brought about serious 44 
environmental problems in Chinese megacities, especially in the 45 
Beijing–Tianjin–Hebei region, the Yangtze River delta, and the Pearl River delta 46 
(Chan and Yao, 2008; Gao et al., 2009; Han et al., 2015; Parrish and Zhu, 2009; 47 
Zhuang et al., 2014). As the capital of China and a rapidly developing city, Beijing 48 
has been experiencing severe haze pollution for years. Despite many measures taken 49 
by the government to address this issue (Sun et al., 2016; Tang et al., 2015; Wang et 50 
al., 2010; Xu et al., 2016a), air pollution is not improving as rapidly as it could. The 51 
PM2.5 in Beijing is still abnormally elevated, and often greatly exceeds the level of 75 52 
μgm−3 considered by the China National Ambient Air Quality Standard (NAAQS) to 53 
be harmful to health (Ji et al., 2014; Xu et al., 2016b; Zhang et al., 2013). 54 
Measurements of particle number size distributions have been conducted 55 
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worldwide (Gao et al., 2012; Gao et al., 2009; Hussein et al., 2004; Quan et al., 2014; 56 
Stanier et al., 2004; Wehner and Wiedensohler, 2003; Zhang et al., 2016). When 57 
compared with rural areas and background areas, the concentrations of atmospheric 58 
particles in urban areas is higher (Wehner and Wiedensohler, 2003; Hussein et al., 59 
2004). Moreover, the concentration of atmospheric particles in winter in urban areas 60 
was higher than that in summer, and the diurnal variation of atmospheric particles was 61 
significantly influenced by traffic emissions. To study the formation and evolution of 62 
atmospheric particles in Beijing, many scholars have conducted observations and 63 
experiments investigating the number concentration distribution of atmospheric 64 
aerosols. However, most of these have only focused on a pollution process or unique 65 
period (An et al., 2007; Liu et al., 2017; Sun et al., 2014; Tang et al., 2015; Wang et 66 
al., 2010; Wang et al., 2014c; Xin et al., 2010; Zhang et al., 2017). The seasonal 67 
variation of particle number size distribution can reflect the periodic pollution process 68 
to a certain extent, such as the higher frequency of haze in winter than that in summer. 69 
The distribution of particles under different pollution conditions may demonstrate 70 
implicit links to the pollution source (Wang et al., 2014b). The new particle formation 71 
(NPF) is one of the important sources of atmospheric particles and cloud condensation 72 
nuclei. The NPF events also exhibits a regular seasonal variation (Wu et al., 2007). 73 
Studying the characteristics and mechanisms of NPF will help to further understand 74 
the climatic, environmental and health effects of atmospheric particulates. In addition, 75 
meteorological parameters such as wind direction temperature and wind speed play an 76 
important role in influencing the particle number size distribution, accounting for 77 
about 37% of all factors. Because of the typical warm temperate semi-humid 78 
continental monsoon climate, hot and rainy summer, and cold and dry winter, it had a 79 
significant impact on the distribution of particles in Beijing (Liang et al., 2017; 80 
Schäfer et al., 2013; Sun et al., 2015). Moreover, regional transport plays an important 81 
role in changing the particle number concentrations (Chen et al., 2017; Zhu et al., 82 
2016). The meteorological parameters could alter the size disturbution of atmspheric 83 
particles, which may signify the potential sources of the particles--local emissions and 84 
regional transport. 85 
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Here, we report continuous measurements of the particle size distribution of 86 
aerosols at a suburban site (Huairou) during winter and summer in 2015. The 87 
influence of meteorological parameters, especially wind speed and direction, on the 88 
particle number size distributions of atmospheric aerosols was analyzed. The mixed 89 
single-particle Lagrangian integral transport and diffusion model (HYSPLIT) 90 
developed by the Ocean Resources and Atmospheric Administration (NOAA) Air 91 
Resources Laboratory (ARL) was used to simulate the trajectories of air masses 92 
reaching the observation points during summer and winter. The correlation between 93 
different mode particles and local emissions as well as regional transport were then 94 
investigated. 95 
 96 
2. Methodology 97 
The observations took place at the Yanqi Lake campus of the University of 98 
Chinese Academy of Sciences (UCAS), which is located in the Huairou District, 99 
northeastern Beijing (40°24′24.45″N, 116°40′32.95″E), as shown in Figure 1. The 100 
summer campaign was from 18 June to 23 July and winter from 2 to 25 December 101 
2015. Due to the SMPS was broke down from 15 to 21 December 2015, the data for 102 
this period was missing. The Yanqi Lake Campus of the UCAS is about 50 km away 103 
from the central Beijing. The campus is located at the junction of Yanshan Mountain 104 
and the North China Plain (NCP), where northwest airflow and south air flow 105 
converge, making it easy to observe the impact of regional transport. The observation 106 
site is adjacent to China National Highway 111 and a rural residential area. The 107 
instruments were installed on the top floor of Teaching Building 1, with the sample 108 
inlet about 1.5 m above the roof.  109 
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 110 
Figure 1. The map of the North China Plain. The observation site (UCAS) is marked with yellow 111 
balloon sign. 112 
The particle number size distributions of the aerosols between 11.1 and 1083.3 113 
nm was measured every 7 mins using a scanning mobility particle sizer (SMPS, 114 
Grimm Aerosol Technik Gmbh, Germany, Model 5.400), which consists of an 115 
Am-241 neutralizer (Model 5.522), a long Vienna-type differential mobility analyzer 116 
(L-DMA, model 55-990) and a condensation particle counter (CPC, model 117 
5.403)(Heim et al., 2004). The size distribution inversion was conducted using the 118 
manufacturer-provided software (GRIMM 5.477 Version 1.35) developed and 119 
described in detail by Reischl (1991). Diffusion losses and the effects of 120 
multi-charged particles were corrected using the instrument software. The SMPS was 121 
validated with laboratory-generated, commercially available certified (Duke Standard) 122 
NIST-traceable monodispersed polystyrene latex (PSL) particles of two known sizes, 123 
203±5nm and 499±8nm, before and after the campaign (Joshi et al., 2012). The 124 
deviation between measured particle sizes and the certified diameters of the PSL 125 
spheres agreed to within 4%. Considering the uncertainty in PSL size and other 126 
possible experimental uncertainties, the results were well within the confidence 127 
required to proceed further. Atmospheric aerosols were divided into nucleation mode 128 
(<25 nm), Aitken mode (25-100 nm), accumulation mode (0.1-1 μm) to calculate the 129 
concentrations in different size categories. 130 
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The ambient aerosols were dried to a RH below 20% using a Nafion drier 131 
(MD-700; Perma Pure LLC), then passed into the SMPS as the sample flow. The RH 132 
of the sheath flow of SMPS was dried to below 20% using a diffusion drier, then 133 
passed through a HEPA filter before being sent to the DMA. The temperature and 134 
humidity of the sample flow and sheath flow were measured using a digital humidity 135 
and temperature sensor (SHT11; Sensirion China Co., Ltd) and logged every minute 136 
to ensure that the aerosol size distributions were measured under dry conditions; 137 
therefore, hygroscopic growth was not considered. 138 
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model 139 
developed by NOAA/ARL (National Oceanic and Atmospheric Administration/Air 140 
Resources Laboratory) was used to calculate the backward trajectories of air masses 141 
arriving at the observation site during summer and winter campaigns. The mode data 142 
comes from the GDAS observations of the National Environmental Prediction Center 143 
of the United States. The 36-h backward trajectories starting at 200 m were calculated 144 
every 6 hours (at 00:00, 06:00, 12:00, 18:00). Then the built-in cluster analysis tool of 145 
HYSPLIT was used to group the air mass trajectories according to the spatial total 146 
variance (TSV). 147 
The meteorological parameters, including wind speed and direction, temperature, 148 
relative humidity, and atmospheric pressure, were continuously recorded by a MetPak 149 
automatic weather station (Gill Instruments Ltd., Lymington, UK). Moreover, the 150 
wind profiles from 40 to 320m were also recorded by a Doppler wind lidar (Windcube 151 
8, Leosphere, Orsay, France). The hourly average values of mass concentrations of 152 
PM2.5 and pollutant gases (SO2, NO2, O3, and CO) were retrieved from the China 153 
National Environmental Monitoring Center National Urban Air Quality Real-time 154 
Release Platform (http://113.108.142.147:20035/emcpublish). 155 
 156 
3. Results and discussion 157 
3.1 Overview of particle number size distribution  158 
An overview of the measurement results of the aerosol size distribution, mass 159 
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concentration of PM2.5 and gaseous pollutants is shown in Figure 2. Particle number 160 
concentrations showed periodic behavior, with lower concentrations being observed 161 
in summer and higher in winter. Particle number concentrations are well correlated to 162 
PM2.5 mass concentrations. Mass concentration of PM2.5 during the winter campaign 163 
was 122.9±123.4 μg m-3, which was almost two times higher than that during the 164 
summer campaign (66.4±50.2 μg m-3). Periodic pollution process was observed every 165 
four to five days, each lasting for two to three days during the winter campaign, 166 
whereas they only lasted for one to two days every six to seven days during the 167 
summer campaign. The frequency of new particle formation (NPF) events was higher 168 
during summer and subsequently accompanied by a significant growth process. Mass 169 
concentration of PM2.5 increased with the NPF and subsequent growth process. The 170 
correlation coefficient between NO2 and PM2.5 was 0.75 as well as CO and PM2.5 171 
were well correlated with 0.86, indicating a significant contribution from the primary 172 
emissions.  173 
 174 
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 175 
Figure 2. Time series of aerosol number size distribution measured by SMPS, mass concentrations 176 
of PM2.5 and gaseous pollutants (SO2, NO2, O3, and CO) during the summer (a) and the winter (b) 177 
campaigns. 178 
Figure 3 shows the statistical variations of particle number concentrations of 179 
nucleation, Aitken and accumulate mode and total number concentration during the 180 
summer and winter. Mean total number concentration of particles in the winter was 181 
13.9±8.3×103 cm-3, which was 45% higher than that during summer (9.6±4.8×103 182 
cm-3). Aitken mode particles  contributed 46% and 48% to total particle numbers in 183 
the summer and winter, following by accumulation (35% and 34%) and nucleation 184 
mode (19% and 18%) particles. Number concentration of Aitken mode particles were 185 
50% higher in the winter than that in the summer, whereas nucleation and 186 
accumulation mode particles were 43.5% and 38.2% higher. 187 
 188 
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 189 
Figure 3. Box plots showing the statistical variations of particle number concentrations 190 
during the summer (a) and the winter (b). 191 
Figure 4 shows the statistical variations in the size, surface area and volume 192 
distributions of particles below 1 μm at the Huairou site during the summer and 193 
winter of 2015. More than 99.5% of the particles are below 500 nm; Accumulation 194 
mode particles in the range of 100–500 nm made a significant contribution to the total 195 
surface area and volume. Furthermore, a significant >1 μm coarse mode in the volume 196 
was also observed. We also observed a peak between 100 and 200 nm in the winter 197 
and the summer, which has comparable average number concentrations. A significant 198 
peak between 40 and 50 nm was also seen during the winter, with an even higher 199 
number concentration that thot between 100–200 nm. Since the number concentration 200 
of the Aitken mode particles is affected by the primary emissions from transportation 201 
sources(Liu et al., 2017), it can be concluded that the observation site is more affected 202 
by local primary emission in the winter. The residence time of large particles is 203 
usually short, and they are easily removed by dry and wet sedimentation, so the 204 
concentration of particles beyond 500 nm is similar during winter and summer. The 205 
peak values of surface area concentration and volume concentration during the 206 
summer and the winter were similar, between 200–300 nm and 300 nm, respectively, 207 
but the concentrations in the winter were much higher than that in the summer.  208 
10 
 
 209 
210 
  211 
Figure 4. Box plots showing the particle number size distribution observed during the summer and 212 
the winter (a1, b1); and the size distribution of surface area (a2, b2) and volume (a3, b3) 213 
calculated from the number size distribution. 214 
 215 
3.2 Diurnal variations of particle number size distributions 216 
Figures 5 and 7 show the average diurnal variation of number size distributions 217 
of total, and nucleation, Aitken and accumulation mode particles during the two 218 
campaigns. Many factors influence the diurnal variation of the particle number size 219 
distributions, including the formation of secondary particles, local primary emissions, 220 
and meteorological conditions (Liu et al., 2016; Shen et al., 2011; Wu et al., 2008). 221 
The SO2 concentration tended to increase as the nucleation mode particles, which 222 
indicated that the formation of secondary particles was the main contributor to the 223 
concentration of nucleation mode particles (Gao et al., 2012; Sun et al., 2016; Wang 224 
et al., 2013; Yue et al., 2009). The newly formed particles can grow through 225 
condensation and collision to Aitken mode even accumulation mode particles (Zhang 226 
et al., 2017). Motor vehicle exhaust, coal-combustion and other primary sources also 227 
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contribute to particle number concentrations (Liu et al., 2017; Wu et al., 2008). 228 
  229 
Figure 5. Average diurnal variation of NO2, SO2, CO concentrations and number size distributions 230 
of particles observed during the summer campaign. 231 
Figure 5 shows that there is a significant increase in the average number 232 
concentration of particles, mainly in the nucleation and Aitken mode, in the morning 233 
from 6:00 to 8:00 h during the summer campaign; meanwhile, the NO2 concentration 234 
increased, which was probably caused by motor vehicle exhaust emissions during 235 
morning rush hour (Wang et al., 2014c; Wu et al., 2008). After the morning peak, the 236 
concentration of nucleation and Aitken mode particles decreased to a level similar to 237 
those before the morning peak. From about 10:00 h onwards, the concentration of 238 
nucleation mode particles began to increase sharply, while that of the Aitken mode 239 
particles remained at a similar level. When the newly formed particles grew, the 240 
concentration of nucleation mode particles began to decrease, whereas that of the 241 
Aitken mode particles increased rapidly. Because the atmospheric nucleation process 242 
usually lasts for several hours, the increase in the concentration of particles in Aitken 243 
mode usually lagged behind that of nucleation mode particles (Kulmala, 2003; 244 
Kulmala et al., 2013; Kulmala et al., 2007). Following NPF, the particle size growth 245 
continued until the night, reaching about 80 nm, after which the concentration 246 
decreased. The NPF showed a “banana shape” in the diurnal variation of the particle 247 
number size distributions (Gao et al., 2012). Over the 36-day summer campaign, there 248 
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were 13 NPF events.  249 
Figure 6 shows two typical NPF events during the summer campaign. The events 250 
were observed on July 3 and 9, 2015, and lasted for a few hours. The temporal 251 
developments of concentration of SO2 and particle number size distributions during 252 
the NPF events were shown in Fig. 6. In the observed NPF events, the concentration 253 
of nucleation mode particles began to increase sharply at about 10:00 h with the high 254 
concentration of SO2, especially in July 9, 2015. When the newly formed particles 255 
grew, the concentration of nucleation mode particles began to decrease, whereas that 256 
of the Aitken mode particles continued to increase a period of time. 257 
 258 
 259 
Figure 6. Time series of mass concentrations of SO2, number concentrations nucleation mode, 260 
Aitken mode particles, accumulation mode particles and image plot of particle number size 261 
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distributions during the two typical NPF events observed on July 3 (a) and 9 (b), 2015. 262 
The concentration of particles in nucleation and Aitken mode vary greatly during 263 
the day, but this is not the case for accumulation mode particles. The concentration of 264 
nucleation mode particles was relatively low during the nighttime (19:00 h to 6:00 h), 265 
approaching 2.0×103cm-3, while it reached as high as 5.0×103cm-3 during the NPF 266 
period. The lowest concentration of Aitken mode particles was observed before and 267 
during the occurrence of NPF episodes, which usually occurred under clean air 268 
conditions (Huang et al., 2017). Number concentration of Aitken mode particles was 269 
at their lowest level between 8:00 and 10:00 h, which was less than 4.0×103cm-3. This 270 
might be induced by the development of the boundary layer, which leads to a dilution 271 
of air pollutants and a decrease in the concentration of atmospheric background 272 
particles (Liu et al., 2017). The newly formed particles grew continuously from 273 
nucleation to Aitken mode size, with a sharp decrease in the number concentration of 274 
Aitken mode particles, and the highest concentration reaching 6.0×103 cm-3. The 275 
accumulation mode particles were less affected by the primary emissions, and the 276 
concentration varied little in the day, remaining at about 6.0×103 cm-3.  277 
 278 
Figure 7. Average diurnal variation of NO2, SO2, CO concentrations and number size distributions 279 
of particles observed during the winter campaign. 280 
Average number concentration of particles was very low from midnight to 6:00 281 
am during the winter campaign, but that of the nucleation mode particles was similar 282 
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to that in the summer (approx. 2.0×103cm-3). Similar to the summer morning peak, the 283 
concentration of Aitken mode particles increased rapidly at about 6:00 h in the winter 284 
and remained high until 11:30 h, when the maximum concentration was close to 285 
1.2×104cm-3. In the meantime, the number concentrations of accumulation and 286 
nucleation mode particles also increased significantly. The concentrations of all 287 
particles were then quickly restored to a very low level after the episode.  288 
Five NPF events were observed but more likely to occur in the midday (from 289 
12:00 h), with no significant increase in particle size, which may be related to the 290 
weak photochemical reaction intensity and low condensable vapor concentration in 291 
winter(Cheung et al., 2013; Wang et al., 2014a). The higher the coagulation sink (CS), 292 
the less suitable for the generation and growth of new particles (Lehtinen et al., 2003; 293 
Pirjola et al., 1999). Preexisting particles can scavenge newly formed particles and 294 
condensable vapors, thus suppress NPF. The CS in winter is generally higher than 295 
summer, as shown in Figure 8. This probably be another reason why the occurrence of 296 
NPF events in winter was much less than events in summer. During the NPF events, 297 
the particle number concentration in nucleation mode increased rapidly from 298 
3.0×103cm-3 to near 5.0×103cm-3, but the period of subsequent particle growth was 299 
relatively short. It terminated at about 16:00 h when the mean size grew to about 30 300 
nm. The variation in particle number concentration from 16:00 to 20:00 h may be 301 
related to the increase in the vehicle flow during evening rush hours(Wang et al., 302 
2014c; Wu et al., 2008). From 20:00 h until midnight, the particle number size 303 
distributions appeared to be similar to that at 6:00 to 11:30 h. During the night, the 304 
concentration of CO was higher than that during the daytime. The northeast of the 305 
observation site is a residential area, where the residents still mainly rely on coal-fired 306 
heating, so the particle number size distributions appeared to have a longer duration of 307 
Aitken mode particles, which was likely because of local coal-fired emissions.  308 
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 309 
Figure 8. Box plots showing the CS during the summer and winter campaigns. 310 
 311 
The diurnal variation in the particle number size distributions during winter was 312 
somewhat similar to that in summer. The particle number concentration in the winter 313 
(1.5×104cm-3) was higher than that in the summer. The Aitken mode particles were 314 
most abundant (52.2%), followed by accumulation mode (36.4%) and nucleation 315 
mode (29.6%). The main sources of Aitken mode particles are the efficient growth of 316 
nucleation mode particles and the primary emission of Aitken mode particles (Shi et 317 
al., 2007; Yue et al., 2009). However, the concentration of nucleation particles during 318 
winter was only 30% higher than that in summer, indicating that the concentration of 319 
the primary emission Aitken particles during winter is higher than that in summer, and 320 
there results were consistent with the winter coal-fired heating, biomass burning and 321 
other human activities (Liu et al., 2017). 322 
 323 
3.3 Characteristics of particle number size distributions under different pollution 324 
conditions 325 
To further understand the variation of particle number size distributions under 326 
different stages of hazes, pollution conditions were into three categories: 1) 327 
PM2.5<50μgm-3, 2) 50≤PM2.5≤100μgm-3, and 3) PM2.5>l00μgm-3, representing three 328 
stages of the haze evolution processes – pre-haze (clean), haze formation, and haze, 329 
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respectively. Statistical variations of  particle number size distributions of aerosols in 330 
the summer and the winter under different pollution conditions is shown in Figure 9. 331 
There is a shift in size distribution towards larger sizes when haze intensifies, which 332 
was also observed in Shaihai (Wang et al., 2014b). Regardless of the pollution 333 
conditions, the concentration of particles in each size segment during the winter was 334 
significantly higher than that in summer, especially for particles of <50 nm. The 335 
concentrations of particles <50 nm in the three stages duration in the winter were 336 
6.7×103cm-3, 5.8×103cm-3 and 5.4×103cm-3, respectively, which were 46%, 54% and 337 
98% higher than those during the summer. During the haze duration periods, 338 
concentrations of particles <50 nm in winter were almost twice those during the 339 
summer. The main reason for this phenomenon may be the winter traffic in the 340 
surrounding areas and residential coal-fired and other emissions making a high 341 
contribution to the concentrations of particles in Aitken mode (Liu et al., 2017). 342 
Particle number size distributions during the winter haze formation stage and the 343 
hazes showed a significant peak at about 50 nm, which was probably from the 344 
emissions of particles from surrounding areas (Wang et al., 2014c). 345 
 346 
Figure 9. Box plots showing the particle number size distribution under different pollution 347 
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conditions during the summer and winter: (a1, b1) pre-haze (clean) stage, (a2, b2) haze 348 
formation stage, (a3, b3) haze stage. 349 
. 350 
During the pre-haze stage (before haze formation), mean particle number size 351 
distributions showed a unimodal distribution, with a peak of about 60 nm, in the 352 
summer but about 40 nm in the winter. Accumulation mode particles contributed 23% 353 
to total particle numbers in the summer, while only 15% in the winter, which was 354 
possibly due to the regional transport from the southwest pathway during the summer. 355 
Particles in the summer and winter haze formation stages showed a bimodal 356 
distribution, with peaks at ca. 50 nm and ca. 100 nm, respectively. The difference was 357 
that the primary peak is about 50 nm in the summer but 100 nm in the winter. In the 358 
winter haze formation stage, the primary peak concentration was similar to that of 359 
summer, but that of the primary peak in the winter (around 50 nm) was 48% higher 360 
than in the summer. 361 
 The distribution of particle concentration during the haze events in the summer 362 
was unimodal, with a peak between 100 and 200 nm. In contrast, it showed a bimodal 363 
distribution during the winter hazes, with one of the peaks at 100 and 200 nm, similar 364 
to that in the summer, and an additional peak at ca. 50 nm.  365 
 366 
Table 1. Means of number concentrations of particles in different mode (in 103 cm−3) 367 
under different pollution conditions  368 
 369 
  Nucleation Aitken Accumulation Total Num. 
Summer 
PM2.5<50 2.3±1.5 4.8±3.8 2.1±1.4 9.2±5.5 
50≤PM2.5≤100 1.8±1.2 4.7±2.3 3.9±1.9 10.4±4.3 
PM2.5>100 1.4±0.8 3.9±1.2 5.5±2.3 10.8±3.2 
Winter 
PM2.5<50 3.2±1.6 6.5±4.7 1.7±1.2 11.4±6.9 
50≤PM2.5≤100 2.6±0.7 6.6±2.9 3.0±1.6 12.2±4.1 
PM2.5>100 2.3±1.1 7.1±3.9 7.2±3.6 16.7±7.5 
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 370 
Table 1 showed that the difference in the total concentration of particles was not 371 
significant at different stages of typical haze events in the summer, but the proportion 372 
of each mode of particles changed substantially. The concentration of nucleation 373 
mode particles during the pre-haze stage was the highest, while it decreased 374 
significantly when the haze started to form. The varieties of particle concentration in 375 
Aitken mode were similar to those of the nucleation mode particles, while the 376 
accumulation mode particles were just the opposite. The total concentration of 377 
particles during the pre-haze stage and the haze formation stage in the winter were 378 
similar, while it increased greatly during the hazy period. Unlike in summer, the 379 
number concentration of Aitken mode particles in winter increased gradually as the 380 
haze started to form. The number concentration of nucleation mode and Aitken mode 381 
particles in the winter was generally higher than that in the same stage of summer, 382 
while the accumulation mode particles in the winter pre-haze stage and the haze 383 
formation stage was lower than those in the summer.  384 
In summary, the size distribution towards larger sizes when haze intensifies 385 
during the both campaigns. In the three instances, particles in Aitken mode was 386 
highest for pre-haze and haze formation stage, while accumulation mode particles 387 
were predominant for haze stage.  388 
 389 
3.4 Effects of meteorological conditions on particle number size distributions 390 
Figure 10 shows the frequency of mean wind direction and speed from 40 to 391 
320m in the summer and winter in Beijing. The observation site was located in the 392 
south of Yanshan Mountain, where southwest wind with a low wind speed prevails in 393 
summer, while northeast wind prevails during winter. Moreover, the air mass from the 394 
northwest is often accompanied by strong near ground wind speed, so the frequency 395 
of high wind speed during winter is relatively high.  396 
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  397 
Figure 10. Mean wind direction frequency in summer (a) and winter (b) in Beijing 2015. 398 
Figure 11 shows that concentration of particles was higher when the wind is from 399 
the south than that from the north during campaigns, especially at higher wind speeds 400 
(e.g., > 3 m/s). This is consistent with the concentration distribution characteristics of 401 
particles in the Beijing area (Liang et al., 2017; Wu et al., 2016; Zhang et al., 2017). 402 
The northern region of the observation site is mountain and forest, with limited human 403 
activities, while the southern side is in the urban area of Beijing and Hebei province. 404 
As a result, a large number of particles from Beijing and Hebei can be transported to 405 
the site under the southerly wind. In contrast, a sustained northerly wind may dilute 406 
the local particle pollution. 407 
 408 
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409 
410 
 411 
Figure 11. Polar plots for all particles (a1, b1), and particles in the nucleation (a2, b2), Aitken (a3, 412 
b3) and accumulation mode (a4, b4) during the summer and the winter, respectively. 413 
Overall, the total concentration of particles in the summer was significantly 414 
lower than that in the winter, especially when the wind is from the northeast and 415 
southeast. However, there was no significant increase in the total concentration of 416 
particles when the wind is from the southwest. Due to the surrounding environment, 417 
the site is mainly influenced by mobile sources of vehicle emission on China National 418 
Highway 111 and stationary sources from the rural settlement across the highway. In 419 
addition, the air flow coming from the southern urban areas may bring anthropogenic 420 
emissions.   421 
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The heights of the mixing layer in the summer has a stronger effect on the 422 
dilution of particle concentration (Liu et al., 2017), which reduces the influence of 423 
traffic emissions to a certain extent. During the winter heating period, the 424 
coal-combustion activities of the nearby residential area are frequent. The 425 
concentration of CO during winter campaign was agreed with the PM2.5 with R2 was 426 
0.86, and more than two times higher than that of summer, which led to a significant 427 
increase in the particle concentration of local emissions. These results suggest that the 428 
observation site is mainly affected by local emissions during the winter, but by 429 
regional transport through the southwest pathway in the summer. 430 
The high particle concentrations in nucleation mode mainly occurred when the 431 
wind is from the north at high wind speed during both campaigns. However, when the 432 
concentration of nucleation mode particles was high, the corresponding 433 
concentrations of Aitken mode and accumulation mode were very low. These findings 434 
indicate that the northerly wind with high speed brought in clean air and plays a 435 
positive role in dilution and diffusion of the local particles, promoting NPF events.  436 
The number concentration distribution of Aitken mode particles in the summer 437 
was significantly higher under strong southwesterly, indicating that the regional 438 
transport through the southwest passage made a large contribution to the 439 
concentration of the Aitken mode particles at the study site. The sporadic high 440 
concentration of particles under the low wind speeds when the air is from the 441 
northeast may be affected by local traffic emissions (Shi et al., 2007). The 442 
accumulation mode particles in the summer were higher when the wind is from the 443 
west and south with little difference between low and high wind speeds. This suggests 444 
that local emissions and regional transport both contributed to the concentration of 445 
particles in the accumulation mode.  446 
The concentration of Aitken mode particles in the winter was higher primarily 447 
when the wind speed is low. It was significantly higher when the wind is from the east, 448 
which might be from the contribution from the local traffic and the coal-combustion 449 
emissions in the winter. At the same time, the concentration of accumulation mode 450 
particles was higher when the wind is from the northwest than those from the east and 451 
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southwest. Considering that the coal combustion process is more likely to produce 452 
accumulation mode particles (Liu et al., 2016; Zhang et al., 2011), it can be inferred 453 
that the residential coal-combustion in the northeast of the observation site may be a 454 
more importance source than traffic. 455 
 456 
3.5 Air mass backward trajectory clusters 457 
The back trajectories differed significantly between summer and winter - a 458 
majority of the air masses came from the south in the summer but from the west and 459 
northwest in the winter (Zhang et al., 2013), as shown in Figure 12. 460 
 461 
Figure 12. The 36 h back trajectories starting at 200 m above ground level in the observation site 462 
were calculated every 6 h (at 00:00, 06:00, 12:00, and 18:00 local time) during summer (a) and 463 
winter (b) in 2015. 464 
The trajectories of air masses arriving at the observation site in the summer and 465 
winter can be divided into four categories or clusters: northwestern (NW), 466 
southwestern (including southern, SW), northern (N), and northeastern (NE) 467 
directions. Table 2 summarizes the percentage of each trajectory cluster in the winter 468 
and summer, as well as the origin and the average number concentration of each mode 469 
of particles and the total concentration corresponding to each trajectory cluster.  470 
 471 
Table 2. The percentage and origin of each trajectory cluster and means (with one 472 
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standard deviation) of number concentrations of particles in each mode and total 473 
number concentration (103cm−3) during summer and winter 474 
 475 
  Percent 
(%) 
Origin Nucleation 
(103 cm−3) 
Aitken 
(103 cm−3) 
Accumulatio
n (103 cm−3) 
Total Num. 
(103 cm−3) 
Summer 
Cluster 1 25 NW 2.9±1.7 6.3±3.8 4.0±1.8 13.2±5.3 
Cluster 2 12 N 4.8±2.8 5.0±4.4 1.2±0.7 10.9±6.6 
Cluster 3 51 SW 2.3±1.6 4.5±1.8 3.7±2.2 10.4±4.0 
Cluster 4 11 NE 2.4±1.1 3.6±1.9 2.0±1.2 8.0±3.1 
Winter 
Cluster 1 32 NW 3.3±2.4 7.4±3.1 5.9±4.0 16.7±6.8 
Cluster 2 19 N 3.4±2.3 4.6±4.3 1.2±0.8 9.3±6.5 
Cluster 3 23 SW 3.2±1.3 7.7±2.6 5.1±3.1 16.1±5.2 
Cluster 4 25 NW 3.6±1.7 7.1±3.0 4.5±3.4 15.2±6.1 
 476 
During the summer campaign, the trajectory of cluster 3 from SW accounted for 477 
the largest proportion of all trajectories (51%), which was followed by the NW cluster 478 
1 (25%), N cluster 2 (12%) and NE cluster 4 (11%). The trajectory clusters are 479 
dominated by cluster 1 and cluster 4 (NW), accounting for 32% and 25% in the winter. 480 
Cluster 2 (N) and cluster 3 (SW) accounted for the remainder (19 and 23%, 481 
respectively). 482 
Figure 13 shows that the peak size of particle number size distributions during 483 
summer was 70–80 nm, 50nm, 100nm, and 60-70nm for the trajectory cluster 1, 2, 3 484 
and 4, respectively. The concentration of particles was highest for trajectory cluster 1 485 
and lowest for trajectory cluster 4.  486 
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 487 
Figure 13. Box plots showing the particle number size distribution for the air back trajectory 488 
clusters during the summer and winter: (a1, b1) Cluster 1, (a2, b2) Cluster 2, (a3, b3) Cluster 3, 489 
(a4, b4) Cluster 4. 490 
The Aitken mode and accumulation mode particles in cluster 1 during summer 491 
had the highest number concentrations (6.3×103 cm-3 and 4.0×103 cm-3, respectively). 492 
In contrast, trajectory cluster 2 had the highest number concentration of nucleation 493 
mode particles (4.8×103cm-3) and the lowest accumulation mode particles 494 
(1.2×103cm-3). The trajectory cluster 1 coming from the SW direction may carry 495 
particles from the western urban areas into Beijing. The NPF event was the most 496 
important contributor to the nucleation mode particles (Wang et al., 2011; Yue et al., 497 
2010; Zhang et al., 2011), and the concentration of the local background particles was 498 
low under the control of the cluster 2 air mass, which facilitates the occurrence of 499 
NPF events. 500 
The peak size of particle number size distributions during winter was 110 nm, 501 
40nm, 50-60nm, and 40-90nm for the trajectory cluster 1, 2, 3 and 4, respectively, as 502 
shown in Fig.12. The concentration of particles was highest for trajectory cluster 1 503 
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and almost the same with the trajectory cluster 3 and 4, but the lowest for trajectory 504 
cluster 2. The Aitken mode and accumulation mode particles in cluster 2 during 505 
winter had the lowest number concentrations (4.6×103 cm-3 and 1.2×103 cm-3, 506 
respectively). It was mainly because trajectory cluster 2 originated from a clean area 507 
with short transport pathways when compared with other clusters. However, the 508 
number concentrations of nucleation mode particles in all trajectory clusters were 509 
close to each other, indicating that there may be no obvious relationship between the 510 
occurrence of NPF and the source of air mass during winter. 511 
The concentration of particles was highest for trajectory cluster 1 during both 512 
campaigns. Trajectory cluster 2 originated from northern clean areas and had a similar 513 
particle number size distribution during both winter and summer; however, the 514 
number concentrations of nucleation mode and Aitken mode particles in summer were 515 
slightly higher than those in winter. This may have occurred because of the high 516 
frequency of NPF events during summer, as well as the more active photochemical 517 
processes, which provided high concentrations (Wang et al., 2014a; Zhao et al., 2013) 518 
of low volatility condensable vapor molecules to further promote the condensation 519 
growth of nucleation mode particles. In addition, trajectory cluster 1, 4 and 3 in winter 520 
had different origins located in northwest and southwest Beijing, and the length of the 521 
trajectories differed, although the corresponding particle number size distributions 522 
was similar. A possible explanation for this is that the particle number size 523 
distributions in winter was greatly affected by local emissions (Liu et al., 2016; Tang 524 
et al., 2015; Zheng et al., 2014). 525 
 526 
4. Summary and conclusions 527 
The particle number size distribution of aerosols (11.1 to 1083.3 nm) was 528 
monitored in Beijing during the HOPE-J3A field campaign. The average number 529 
concentration of particles during the summer and winter campaigns were 9.6±4.8×103 530 
cm-3 and 13.9±8.3×103 cm-3, respectively. There were frequent long-duration haze 531 
events during the winter campaign. The total number concentration of particles was 532 
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44.7% higher than that in the summer, with the largest difference being in Aitken 533 
mode particles. The number concentration of particles in Aitken mode dominated 534 
during both campaigns. Particle number concentrations showed close correlations 535 
with traffic and residents living activities and wind speed, especially for the 536 
nucleation mode and Aitken mode particles. The NPF events occurred more 537 
frequently and for a longer duration in summer. There is a shift in size distribution 538 
towards larger sizes when haze intensifies during the both campaigns. The analysis of 539 
trajectory cluster combined with meteorological conditions suggest that Aitken and 540 
accumulation mode particles were mainly from regional transport during the summer 541 
campaign, but from vehicle and coal-combustion emissions during the winter 542 
campaign.  543 
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